Due to its high resolution, electron microscopy (EM) is an indispensable tool for virologists. However, one of the main difficulties when analyzing virus-infected or transfected cells via EM are the low efficiencies of infection or transfection, hindering the examination of these cells. In order to overcome this difficulty, light microscopy (LM) can be performed first to allocate the subpopulation of infected or transfected cells. Thus, taking advantage of the use of fluorescent proteins (FPs) fused to viral proteins, LM is used here to record the positions of the "positivetransfected" cells, expressing a FP and growing on a support with an alphanumeric pattern. Subsequently, cells are further processed for EM via high pressure freezing (HPF), freeze substitution (FS) and resin embedding. The ultra-rapid freezing step ensures excellent membrane preservation of the selected cells that can then be analyzed at the ultrastructural level by transmission electron microscopy (TEM). Here, a stepby-step correlative light electron microscopy (CLEM) workflow is provided, describing sample preparation, imaging and correlation in detail. The experimental design can be also applied to address many cell biology questions.
Introduction
The idea of combining two microscopy modalities to obtain a better picture of a specific biological process is rather old. Thus, the very first study about viruses using "correlative microscopy" was published in 1960 as two separate publications 1, 2 . In that study, the authors analyzed the changes in the morphology of the nucleus induced by adenoviruses by means of two microscopy techniques. In the first publication, electron microscopy (EM) observations describing the morphological details associated with adenovirus infection were reported 1 . In a second publication, the different structures observed by EM were correlated with light microscopy (LM) images of histochemical staining patterns, to define the nature of the structures previously observed by EM 2 .
In these early studies, however, their observations were performed using different infected cells prepared as independent experiments. The "correlation" was, indeed, meant as the combination of information coming from two imaging modalities to understand a certain phenomenon, comparing all the findings that have been obtained with different assays in order to understand a given biological process.
Here, a CLEM method is described that allows the detection by LM of cells expressing viral proteins fused to a fluorescent protein (FP). These cells are subsequently cryo-immobilized and further prepared for ultrastructural analysis via transmission electron microscopy (TEM) to gain new insights into how the expression of these proteins rearrange intracellular membranes (Figure 1) . CLEM has been performed with chemically fixed cells in most of the virology studies published to date 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 . This is mainly due to the need of inactivating infectious material for biosafety reasons in biosafety level-2 and -3 (BSL-2 and BSL-3) laboratories, where cryo-immobilization of cells is usually not possible. For those questions requiring an optimal preservation of the cell membranes, vitrification via high pressure freezing (HPF) is, however, highly recommended 20 . In these cases, the CLEM protocol described here can be applied. Interestingly, especially when working with infectious specimens, HPF can be performed on samples that have been previously chemically inactivated, for example in BSL-2 and BSL-3 laboratories. The combination of chemical fixation followed by HPF is a possibility to profit at least partially from the advantages of cryopreservation methods 21, 22 . Figure 1 : Schematic representation of the workflow for the analysis of cells via CLEM. Cells growing on patterned sapphire discs are first analyzed by LM to localize cells expressing FPs before their processing for EM. Once located, cells are immediately fixed by HPF and FS to be subsequently embedded in resin. Upon polymerization of the resin, the support where cells were growing (=sapphire discs) must be removed from the resin block. The block containing the embedded cells is trimmed to a small trapezium from which the remaining cells, expressing FPs, are sectioned with a diamond knife. Ultrathin sections are collected on slot grids and further examined by TEM to obtain ultrastructural information of these cells. This figure is adapted and modified with permission from reference . 2. Image the cells under an inverted widefield fluorescence microscope.
NOTE: When using a green fluorescent protein (GFP)-tagged protein, as shown in the representative results, 450-490 nm and 500-550 nm excitation and emission filters, respectively, should be used. 3. Acquire first a low magnification image (10-20X) of the cells to allocate cells expressing FPs. Record the coordinates of the patterned sapphire discs where the cells of interest are located by using differential interference contrast (DIC) microscopy. NOTE: Stitching several areas might help to have a better overview of the location of the cell/cells of interest. Note also that phase-contrast microscopy could be optionally used here. 4. Acquire high magnification (fluorescence and DIC) images (63-100X, oil-immersion objectives) of the same cell/cells to better discern the subcellular localization of the protein of interest within the intracellular space. NOTE: DIC images provide contextual information. This information is often critical to correlate LM images with EM micrographs later on, because the final correlation is more precise with "anatomical" landmarks of the cell. As some sapphire discs might break during cryoimmobilization, it is highly recommended to prepare triplicates per condition. Furthermore, some cells detach from the discs during HPF and the subsequent steps of this protocol, while the ultrastructure of other cells might contain artifacts as a consequence of freezing damage. Therefore, at least two areas of the discs should be imaged via LM to ensure that in the end there will be enough cells to be analyzed. Importantly, these two areas should be on opposite sides of the disc. In this manner the resin block where the cells are embedded can be cut into two halves and sections of these areas can be obtained. High magnification image of the patterned sapphire disc depicting the alphanumeric coordinates that are etched on its surface. The patterned sapphire discs are commercially available (see Table of Materials). Please click here to view a larger version of this figure.
Cryo-Immobilization of Cells Growing on Patterned Sapphire Discs via HPF
1. Place the "A" and "B" aluminum carriers for HPF (see Table of Materials) in a Petri dish with filter paper soaked with 1-hexadecene. Immerse the patterned sapphire discs containing the cells in a Petri dish with 1-hexadecene. NOTE: Move the discs a bit to wash the cell culture medium away. 2. Assemble the sapphire discs between an "A" and a "B" aluminum carrier in the HPF holder as follows ( Figure 3B) . On the bottom, place a "B" carrier with its flat side facing upwards. Place the sapphire discs on this flat side with the cells facing upwards. Add an "A" carrier with its 0.1-mm depth facing the cells. NOTE: Because the patterned sapphire discs are thicker than the conventional sapphire discs, the commercially available "A" carrier (designed to be used with non-patterned 0.05-mm sapphire discs) had to be cut down to 0.05 mm at this 0.2 mm depth side at the EMBL workshop in order to fit into the HPF holder ( Figure 3A) . To this aim, the "A" carrier is inserted into the end of a metal tube so that its 0.2 mm side is exposed and remains still while cutting it down. The cut down side is then sanded so that it is flat. Alternatively, a special aluminum carrier can be used on top of the patterned sapphire disc (commercially available, see Table of Materials), being in this case the HPF "sandwich" composed only of the sapphire disc and this carrier. 3. Close the holder of the HPF machine and freeze the cells.
NOTE: This protocol is specific for a particular HPF machine. Other HPF machines could be alternatively used 6, 26 . In any case, please be aware of the existence of new generation machines from the suppliers. CAUTION: Use safety goggles and hearing protection headset. 4. Place the frozen "sandwich" in a polystyrene box with liquid nitrogen for temporary storage.
CAUTION: Use goggles and get in contact with the local safety officers to be informed about the potential dangers when handling liquid nitrogen. 1. To avoid confusion, place each "sandwich" in a separate 0.5 mL microcentrifuge tube (inside the polystyrene box) marked with a number. NOTE: The protocol can be paused here. If freeze substitution (FS) cannot be immediately performed, the samples can be stored in cryo-tubes (with a hole punched in the top) inside boxes, that are held in a rack in a cryogenic liquid nitrogen dewar (see Table  of Materials) . This liquid nitrogen container should be located in a room with oxygen gas sensors, to avoid suffocation in case of an oxygen deficiency. CAUTION: All the procedures described below (steps 5 and 6) must be carried out in a biosafety cabinet. Furthermore, most of the reagents used are hazardous. Before using them, it is mandatory to read carefully the Material Safety Data Sheets provided by the manufacturers, as well as ask the safety officers about the local rules to ensure safe handling. For the correct disposal of these used materials, as well as for the proper use of the equipment described below, it is also required to consult the local institute's health and safety procedures. The 0.16 mm thick sapphire disc with the alphanumeric pattern etched on the surface is assembled into two aluminum carriers for HPF, as follows: The sapphire disc is placed on the flat side of a "B" carrier with the cells facing upwards. A chopped "A" carrier with its 0.1-mm depth facing the cells is placed on top to close the "HPF sandwich". The aluminum carriers and the patterned sapphire discs are commercially available (see Table of Materials) . Please click here to view a larger version of this figure. Table of Materials) with liquid nitrogen. Set the temperature to -90 °C and wait until the machine reaches this temperature. 2. Prepare the FS medium containing 0.2% osmium tetroxide (OsO 4 ) (v/v), 0.1% uranyl acetate (UA) (w/v) in glass-distilled acetone while the FS machine is cooling down. NOTE: To prepare, (for instance) 12 mL of FS medium, mix 600 µL of 4% OsO 4 with 0.012 g of UA in a small glass container. Dissolve this mixture in an ultrasonic bath device for 5 min. Add 11.4 mL of glass-distilled acetone with a pipette and mix well. 3. Fill up 1.5 mL microcentrifuge tubes with 200-500 µL of FS medium, close the lid and transfer them to the FS machine. Wait 10 min for the FS medium to cool down. 4. Transfer the frozen "sandwiches" containing the sapphire discs with cells in liquid nitrogen using cooled long tweezers to the tubes containing the FS medium. CAUTION: Use cryo-protective gloves and goggles. NOTE: The HPF "sandwiches" could be disassembled spontaneously during their handling. In this case, make sure that the frozen sapphires discs are transferred to the microcentrifuge tubes. The aluminum carriers can be discarded. 5. Run the FS as follows until the next day 27 : from -90 °C to -80 °C for 8 h; from -80 °C to -50 °C for 8 h; from -50 °C to -20 °C for 2 h; from -20°C to 0 °C for 2 h.
FS of Cryo-Fixed Cells

Fill up the FS machine (see
Resin Embedding of Freeze Substituted Samples
CAUTION: All the procedures described below must be carried out in a biosafety cabinet. Furthermore, most of the reagents used are hazardous. Before using them, it is mandatory to read carefully the Material Safety Data Sheets provided by the manufacturers, as well as ask the safety officers about the local rules to ensure safe handling. For the correct disposal of these used materials, as well as for the proper use of the equipment described below, it is also required to consult the local institute's health and safety procedures.
Removal of Patterned Sapphire Discs from the Polymerized Resin Blocks
1. Remove the hard resin blocks containing the cells from the oven.
NOTE: The protocol can be paused here. If not, let the blocks cool down to room temperature before cutting them. 2. Cut the embedding molds with a razor blade to have access to the resin blocks. Remove the cylindrical resin blocks using tweezers.
NOTE: If a paper tag has not been included in the resin block before polymerization, number the blocks with a permanent marker and store them in 1.5 mL microcentrifuge tubes. The protocol can be paused here. 3. Immerse the tip of the resin block containing the sapphire disc in a polystyrene box containing liquid nitrogen until it stops "bubbling". Then, immerse the tip of the resin block in boiling H 2 O. 4. Repeat the two previous steps as many times as needed until the sapphire disc falls off of the resin block.
CAUTION: Use goggles and cryo-protective gloves. NOTE: If this does not work, use a razor blade to remove a bit of the polymerized resin around the discs before trying again. The protocol can be paused here. NOTE:: The use of mesh grids should be avoided because the sections could be masked by the grid bars. 5. Store the grids in a grid box.
Targeted Trimming and Ultrathin
NOTE: The protocol can be paused here.
TEM Analysis of Ultrathin Sections
1. Place the slot grid into the holder of the transmission electron microscope. Acquire low magnification (overview) images, where the complete cell profile of the cell of interest is visible. NOTE:: The cell/cells of interest can be found back by using the cell profiles and the locations of the cells to one another as references, comparing to the DIC views acquired before by LM. 2. Acquire high magnification images of the cell/cells of interest, to try and find, at the ultrastructural level, features that correspond to the fluorescent signals observed previously by LM. NOTE: Montage images can be obtained at high magnification to have an overview at high resolution of the cell/cells of interest. Furthermore, it is often necessary to acquire images of the same cell in consecutive serial sections to be able to reconstruct the cell in 3D before comparing to the fluorescence images.
Representative Results
Using the procedure presented here (Figure 1 ), Huh7-Lunet cells stably expressing the T7-RNA polymerase were seeded on patterned sapphires discs and subsequently transfected with a plasmid expressing two domains of the Hepatitis C virus (HCV) nonstructural protein NS5A, tagged with GFP (pTM_AH-D1-GFP) (Figure 4) . The following day, the patterned sapphire discs, where the cells were growing, were taken out of the cell culture dishes and imaged by means of LM (Figure 4, Figure 2 ). Those cells expressing the AH-D1-GFP were identified by the presence of green fluorescence in the cytosol and recorded to save their positions within the coordinate-pattern of the sapphire discs ( Figures  5A, 5B ). Immediately following their LM examination, the sapphire discs containing the cells of interest were assembled between two aluminum carriers ( Figure 3 ) and subjected to cryo-immobilization by HPF. Cells were then freeze substituted and subsequently embedded in an epoxy resin.
Upon removal of the sapphire discs from the polymerized resin blocks, the imprint of the alphanumeric pattern was visible on the block face, which allowed retrieving the areas where the cells of interest were located. The rest of the resin block was trimmed away to generate a small trapezium harboring the cells of interest. Serial ultrathin sections were obtained from this trapezium, collected on EM slot grids and further analyzed by TEM ( Figure 5C ). Note that obtaining manually serial consecutive sections although feasible 28 is labor intensive and requires welltrained and skilled personnel. It is also important that the cells have a low confluency when subjected to this CLEM protocol ( Figure 5A ) in order to guarantee a quick recognition of the same cell previously identified by LM. Otherwise, having higher cell confluency might dramatically slow down the successful locating of cells at the EM level.
TEM analysis of several ultrathin sections of the cell of interest (Figures 5D, 5E ), expressing the AH-D1-GFP, revealed the presence in its intracellular space of large accumulations of vesicles of variable morphology delimited from the surrounding cytosol by a single lipid bilayer ( Figure 5E ).
, as well as to determine the critical building blocks required to form these HCV-induced structures 23 . Note that in our first work using CLEM to study HCV replication 21 , a slightly modified version of the protocol described here was applied. In that study, conventional 0.05 mm thick sapphire discs, without alphanumeric pattern, were used in which a reference pattern was created by carbon coating them with a finder grid on top (see Table of Materials) . This version of the current protocol can be eventually applied, with the advantage that the "A" carrier for HPF can be used directly, without the need of cutting it down as in Figure 3A . Alternatively, as mentioned in the protocol, a thicker "A" carrier can be utilized (see Table of Materials) with patterned sapphire discs, without the need of a "B" carrier.
Interestingly, this protocol can be applied not only to study BSL-1 samples, such as cells transfected with viral proteins as described here and elsewhere 19, 23 , but also to study virus-infected cells. Although working with human pathogens is usually restricted to BSL-2 and BSL-3 laboratories, in some countries it is still possible to perform cryo-immobilization under these biosafety conditions. In those BSL-2 and BSL-3 laboratories where vitrification is not possible, due to the local regulations or the absence of an HPF machine, virus-infected cells can be still prepared using this method if chemical fixation with aldehydes is carried out in advance, namely before leaving the BSL-2 or BSL-3 facilities. Furthermore, aldehydes need to be quenched immediately after fixation to keep the fluorescence, while the rest of the protocol is identical to the one described here. This technique can be considered redundant because the cells are fixed twice, chemically and via vitrification. However, this double fixation protocol leads indeed to a much better preservation of the HCV-induced DMVs in comparison to the DMVs found in cells subjected to chemical fixation alone 21 .
For further modifications and troubleshooting the reader is referred to the notes throughout the protocol part of this manuscript. These notes describe pitfalls to avoid, as well as alternatives to overcome putative difficulties that might arise when performing this method.
The main requisite for applying this technique is an HPF machine. When cryo-immobilizing the cells via HPF is not feasible (due to the absence of an HPF machine) or not required (when the membrane preservation does not need to be optimal), cells can be chemically fixed and subsequently prepared and analyzed by EM 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 . This option does not require the use of sapphire discs, but cell culture dishes with gridded patterns for relocating cells or cell clusters. The main advantage of the use of these dishes is their larger diameter in comparison to sapphire discs, allowing the screening of larger surface areas. Thus, the application of this CLEM protocol has been successfully applied to study the effect of an antiviral compound against HCV 15 or to visualize the membrane rearrangements induced by the nonstructural proteins of noroviruses 19 . Another issue that can limit the performance of this method is the absence of a commercial FS device. In this case, basic homemade FS systems can be utilized instead. Although automatic FS devices might reduce handling mishaps, homemade devices are used successfully for instance at Kent McDonald's 30 and Paul Walther's labs.
With respect to chemical fixation, the protocol described here ensures an optimal preservation of the intracellular structures 20 . Therefore, in case the above-mentioned HPF and FS devices are available, vitrifying the cells of interest would be preferred.
Future alternatives to this CLEM approach include the possibility of using this method not only to acquire 2D information at the ultrastructural level, but also to gain 3D information about the architecture of membrane and organelle alterations caused by viruses. The 3D-EM methods, including electron tomography (ET) and focused ion beam-scanning electron microscopy (FIB-SEM) (extensively described in 29 ), could be also applied to cells that have been prepared following this current protocol 21, 31 . In addition, 3D information could be also obtained at the LM level, when using a confocal microscope, which allows the acquisition of z-stacks. In fact, this option is highly recommended when a precise correlation between LM and EM datasets is desired (see for example 17 ). The information included in 3D z-stacks aids to improve the correlation with the 2D TEM images. Thus, in such a scenario, the best fitting LM and EM images can be selected and then subjected to one of the correlation software available, such as the ec-CLEM plugin of ICY (http://icy.bioimageanalysis.org/) 32 or the Landmark Correspondences plugin of Image J (http:// imagej.net/Landmark_Correspondences), resulting in the generation of overlapping LM-EM images.
When temporal information is needed to understand the kinetics of a certain event, time-lapse imaging can be used to monitor dynamics of living cells in combination with EM. During the event of interest, cells are fixed immediately, generating a "frozen snapshot" that can be subsequently analyzed via EM, providing detailed ultrastructural information about that particular moment at the time of immobilization. In order to obtain that "frozen snapshot", after the observation in real time, cells can be either chemically fixed 33 or cryo-immobilized 6 . Since many cellular processes occur faster than the diffusion processes of chemical fixation, if possible, ultra-rapid freezing should be performed. However, it is important to take into account that the HPF machines differ in their effective time resolution 34 . Furthermore, although this protocol has been designed for the embedding of cells in an epoxy resin, cells can be also embedded in low viscosity resins, such as Lowicryls, LR White or LR Gold. The use of these embedding media enables to preserve the antigenicity 35, 36 , as well as fluorescence 37, 38 and, therefore, are mostly used for post-embedding on-section immunolabeling 39, 40 and on-section CLEM 41, 42, 43, 44 , where the LM is done after the embedding. Both approaches (immuno-EM and on-section CLEM) must be crucial for those experiments in which noncharacteristic structures can be easily found via TEM and/or as a control against miscorrelation between LM and EM signals. Likewise, labeling with antibodies that can be visualized by both imaging modalities (LM and EM) can be carried out 45 in order to, for example, identify transfected cells in LM (pre-embedding stage) and achieve a much more accurate localization of the GFP signal via its specific labeling by immuno-EM (post-embedding stage). It must be taken into account, however, that permeabilization is conducted before LM to permit the access of the antibodies to the intracellular space, which might result in a sub-optimal preservation of the cell architecture at the EM level. Interestingly, this protocol is also well suited for multi-color experiments that can be achieved with the use of other fluorescent tags, other than GFP (as shown here). In conclusion, there are many putative possibilities of adapting this protocol, both on the LM and/or on the EM sides, depending on the questions that are being addressed. For a comprehensive description of other alternative protocols the reader is referred to 5, 46 . Regardless of how the microscopy modalities are combined, together the result is a gain of information, allowing us to better understand how viruses and their proteins interact with their hosts in real life.
The most critical step within this method is the collection of serial sections from the cells of interest. As highlighted in the representative results section, this requires expert staff, as well as a lot of patience. Importantly, this step is essential to find the cells back at the EM level for two reasons. First, in this sort of CLEM protocol using pre-embedding LM, the coordinates are only visible at the LM level and on the resin block face after the embedding. However, they will not be visible on the sections by TEM. Therefore, targeted trimming on the block face down to the regions of interest (ROIs) must be accomplished carefully with a razor blade to ensure that the sections that are subsequently obtained contain the cells expressing a given FP. Second, "scanning" several sections is necessary to find the best overlay between the LM and the EM acquisitions. In contrast to methods where LM is performed at the post-embedding stage, in this case the LM-EM overlay is not so precise. The low overlay accuracy is due to differences in axial resolution between LM and EM, shrinkage during sample processing of EM, and compression during sectioning 42 . Nevertheless, efficient tracking methods, such as the use of landmarks, help to find the cells back. This includes the position of one cell to another, as well as the shape of the cells and their nucleus. In this regard, as explained in the protocol, DIC images provide "anatomical" information of the cells that are critical to improve the correlation. Alternatively, the nuclei or other well-recognizable cell organelles (such as mitochondria or lipid droplets) can be stained before LM and used as landmarks.
Finally, it is noteworthy to mention that although this manuscript is focused on the use of this technique for virology studies, the scope of this experimental design can be expanded to address more general biological questions.
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